Introduction and Literature Review
There are various green building rating systems providing guidance for building water efficiency around the world, indicating that water efficiency as an important sustainability performance has been increasingly emphasized. However, there is still a lack of decision-making tools supporting water efficiency design and construction. A tool for integrating building information, building information modelling (BIM) has been verified to enhance green building construction activities. Its potential for water efficiency is yet to be studied.
Water Efficiency Issues in Green Building Rating Systems
Green building rating systems require an integrated design process to create buildings that are resource-efficient throughout their life-cycle. A large number of green rating systems have been established to help mitigate these impacts through the encouragement, measurement and recognition of sustainability performance. These include global schemes such as LEED (Leadership in Energy and Environmental Design) [1, 2] , BREEAM (Building Research Establishment Environmental Assessment Method) [3] [4] [5] , and some regional schemes such as Green Mark [6, 7] , BEAM (Building Environmental Assessment Method) Plus [8, 9] , China's Assessment Standard for Green Building GBT50378-2014 [10] . They contain water efficiency credits for indoor use, outdoor use, specialized uses, and metering.
The comparison of water efficiency credits among the mentioned rating systems is shown in Table 1 [1-10]. LEED emphasizes the overall performance of a building to fulfil the green building design and construction requirements rather than setting rigid targets [11] . Detailed numerical values and measures to reach water efficiency targets are defined to assess the performance. For example, to get a top score in water consumption, water use should be reduced by over 50%. On the other hand, detailed BREEAM specifications for flow rate of water consumption components such as WCs, urinals, taps, showers, baths, dishwasher and washing machine are defined to manage water use, monitoring and management. In populous areas, BREEAM calls for a more reasonable water use structure with reducing potable water demand for irrigation or flushing, which can be achieved by alternative water sources. Therefore, China's rating system, Green Mark and BEAM Plus set bespoke evaluation alternatives for unconventional water sources such as rainwater harvesting and recycled grey water.
Building Information Modelling (BIM) for Green Building
BIM represents a change of the traditional way of building design, construction and management. Its adoption rate in the US AEC industry has increased from 17% in 2007 to 71% in 2012 [12] , while in the UK it has risen to 74% in 2018 [13] . At present, BIM is gradually used to achieve various architectural design, construction, and facility management performance objectives, including improving simulation and analysis function, communication and coordination, and message evaluation throughout the entire life cycle of buildings [14] .
The basic characteristics of BIM can be summarized in four aspects: Integrating with various databases; facilitating document management; visualizing the analysis process and results; and providing sustainability analysis and simulation [15] . BIM provides a platform for information exchange, and thereby has the potential strengthening collaboration and communication among all related parties involved in collaborative works [16] . In the design stage, BIM allows for the simulation of sustainability performance such as analysis of heating ventilation air conditioning and indoor illumination energy consumption [17] , simulation of sunlight and solar energy applications [18] and simulation of water use [15] , thereby achieving more reliable design. In the construction stage, BIM 3-D visualization management assists construction technicians to conduct conflict detection and arrange construction organization planning more rationally [19] . While in the operation stage, BIM provides a reliable database integrating early-stage building information into the operation stage and ensuring the storage and updating of new data generated during the operation stage [20] .
With the development of green buildings, many researchers and early adopters of BIM for green buildings have increasingly applied BIM for energy simulation and lighting analysis. Chen and Pan [21] developed a BIM-aided decision-making model for selecting low-carbon building measures, aiming to improve the robustness and practicality of decision results over traditional methods. Lim YW. et al. [22] proposed a sustainable BIM-based design framework which integrates BIM into the functional targets of sustainability design, including thermal performance, visual performance and energy efficiency. Olawumi and Chan [23] identified the leading benefits of integrating BIM and sustainability practices, including the ability to simulate building performances and energy usage. However, few researchers and BIM users have applied BIM to other aspects of green building evaluation, such as the building water saving model analysis [24] .
BIM's Potential for Water Efficiency
A recent BIM Guidance for the Water Industry report [25] concludes the benefits of BIM including Water Industry service measures; customer and operation. In addition, it provides Water Industry practitioners with guidance on some broad interpretation of PAS1192 [26] (a British standard for information management) and their equivalents within the water industry, such as organization information and asset information requirements. However, this report does not focus on the operational process of applying BIM to water efficiency throughout design, construction and operation stages during a construction project, which is the tentative discussion in this study.
Bonenberg and Wei [18] used BIM tools to simulate rainwater harvesting and water circulation systems during the design phase, a case of tent-shaped roof was used to collect rainwater which was stored in a large water storage space under the ground and the collected rainwater was used for irrigation or other energy efficiency measures. Bernstein et al. [24] argued that the Shanghai Tower in China applied BIM during the design stage to assist in the design of special curtain wall structure thereby reducing high-rise building wind loads and improving rainwater harvesting. Lu and Wu et al. [15] pointed out that BIM mainly supported water consumption analysis during the design phase. As such, the BIM software assisted in optimizing the water distribution system of buildings. Wong et al. [27] summarized the different ways by which BIM could help plan and design building sustainability and concluded that the benefits of BIM included investigating the potential for catchment water to reduce water demand for buildings. Martins et al. [28] developed a method and a software application for the automated code-checking of building water network designs. Edmondson et al. [29] proposed a smart sewerage asset information model (SSAIM), using open BIM data standards to facilitate data exchange during the operation stage. Motawa et al. [30] argued that the application of BIM in the operation stage of a building could assist in managing and controlling resources such as electricity, water and gas. Wei et al. [31] considered a combination of BIM with LEED rating system and developed a water efficiency design process. Five steps were contained in this process: LEED strategy and BIM execution plan; conceptual design; design criteria; detailed design; implementation; and documentation. On the other hand, Jia et al. [32] applied BIM to check the water supply, sewage and rainwater pipes during the construction stage. Howell et al. [33] united BIM, smart appliances, intelligent sensing and cybernetics to save cost and water resource throughout building life cycle stages (design, construction and operation). Ahuja et al. [34] reported that using BIM in the design process can reduce water consumption, and through surveys in the study, there is a 28% chance of using the MEP system to achieve lean and green results. These related researches are summarized in Table 2 that contains the various research methods they adopted and different building life cycle stages to which their results were applied. However, most of those studies only provide assumptions or partial water efficiency simulation analysis. No research has attempted to explore how to apply BIM to multiple stages of a construction project to maximize project benefits and water efficiency. Other researches also point out four main factors hindering the application of BIM in green building: Technical (poor adaptability of BIM technology, high technical difficulty and BIM software is still in progress) [12, 31, 35, 36] ; human (lack of BIM talent, lack of the structure of knowledge and ability, and rely on traditional methods) [20, 27] ; economic (high short-term cost, long payback period, and untapped BIM market) [16, 37, 38] ; management (difficulties in managing change and business process transformation, and low acceptance in management) [15, 37] . To better guide BIM's application for water efficiency and clear further related research, it is necessary to analyze BIM's advantages in water efficiency and development obstacles.
This study sets out to address the integration of BIM and building water efficiency to achieve informed decisions on water saving and monitoring. The research culminates in the development of a stakeholder to integrate water efficiency across a building life cycle stages.
Materials and Methods
A mixed research method was used in this research to develop a BIM-based sustainable water efficiency design framework and proposes pathways for future research in the field. The adopted methodology is twofold: A questionnaire survey and follow-up semi-structured interviews. The sustainable building design and construction management is taken as the research object, to which architects contribute significantly. Therefore, 50 architectural companies have been randomly selected as a sample for this study in order to capture the architectural practitioners' opinions on the potential of applying BIM to water efficiency. Overall, 23/50 questionnaires were returned, and the distribution is shown in Figure 1 . The collected data was used to verify the potential of applying BIM to save water by using the combined method of variance analysis and hypothesis testing in SPSS V25.
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The quantitative results were used as basis for a follow-up investigation through six semi- Table 3 . The quantitative results were used as basis for a follow-up investigation through six semi-structured interviews to investigate further the relationship between BIM and building water efficiency. Interviews focus on other BIM-enhanced construction activities not included in the questionnaire and respondents' suggestions on better application of BIM in water efficiency. These six interviewees were selected according to their willingness expressed in the questionnaire, and the distribution was shown in Table 3 . Integrating the outcomes of literature review, quantitative analysis of questionnaire data and qualitative analysis of the interviews, a preliminary BIM-based building water efficiency framework (BWe framework) and a conceptual algorithm with a summation formula are proposed. The framework and formula were subsequently industry reviewed via a validation questionnaire survey and the semi-structured interview involved five participants from the respondents of the early questionnaire.
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Analysis and Results
The Potential of BIM to Solve Common Problems During the Execution of Construction Projects
The questionnaire instruments listed problems reported in the literature, such as project losses since confused drawings, ineffective design, failure to achieve performance target due to data loss during information transfer, rework, ineffective management and weak management awareness. Questionnaire respondents were asked to indicate whether they have encountered those problems during a construction project based on their own engineering experience. According to whether the respondents have been confronted with those problems, respondents are divided into two groups: Group A and Group B (Group A = have encountered problems, and Group B = never encountered problems). Subsequently, the potential of applying BIM to solve those problems is evaluated using a scale of 1-4 (1 = No potential, 2 = Low potential, 3 = Medium potential, 4 = High potential). Differences in perceptions of the potentials among the two groups of professionals were tested for their statistical significance using analysis of variance (ANOVA) methods.
The analysis results are shown in Table 4 . The ANOVA indicates that under specific problem conditions (such as project or investment losses caused by unclear and confused drawings, ineffective design due to inadequate communication between different professionals, incoherent design due to various interventions, failure to achieve performance target due to data loss during information transfer, problems such as rework caused by design change, ineffective management due to overdependence on manpower, weak management awareness), the value of significance (Sig.) > 0.05, indicating that there is no statistically significant difference in the judgment of the potential of BIM between Group A and Group B. To explain further, whether professionals have ever encountered those problems in their project experiences have no effect on their judgments about BIM's potential. A single sample t-test was applied for all 23 sets of data. A 95% confidence interval of the difference is adopted to predict the potential of BIM to address the problem, when the lower limit value of potential is greater than 2.00 (BIM has low potential to address the problem), it is considered that BIM does have the potential to solve the problem.
The Potential of BIM for Building Water Efficiency at Various Stages
Questionnaire respondents were asked to evaluate on a Likert scale 1-4 the potential of BIM for water efficiency during design, construction and operation stages (1 = No potential, 2 = Low potential, 3 = Medium potential, 4 = High potential). The architecture consultant usually provides consulting services of related professional knowledge and technology throughout the entire building life cycle, therefore architects specializing in design stage and architecture consultants are the major participants to develop the water efficiency model during the design stage, while architects specializing in construction and service engineers specializing in the operation stage are not. The respondents for water efficiency measures during the design stage are divided into Group A1 and Group B1 (Group A1 = architects specializing in the design stage and architecture consultants, Group B1 = architects specializing in construction and service engineers specializing in the operation stage) in order to eliminate the gap caused by professionals who are responsible for different building stages. Similarly, the respondents for water efficiency measures during the construction stage are divided into Group A2 and Group B2 (Group A2 = architects specializing in the construction stage and architecture consultants, Group B2 = architects specializing in design and service engineers specializing in the operation stage). The respondents for water efficiency measures during the operation stage are divided into Group A3 and Group B3 (Group A3 = service engineers specializing in the operation stage and architecture consultants, Group B3 = architects specializing in the design and construction stage).
Differences in perceptions of the potentials among the different groups of professionals were tested for their significance using ANOVA. The analysis results are shown in Table 5 . The value of significance (Sig.) > 0.05 for most measures such as rainwater harvesting and water circulation system simulation, water consumption analysis and catchment potential investigation during the design stage; optimization of the water grid design; water supply, sewage and rainwater pipes checks during the construction stage; simplification of repetitive and needless construction process; and real-time monitoring of water resource, and combination of BIM with smart appliances and smart sensors during the operation stage. There is no statistically significant difference in the judgment of potential between the groups. A single sample t-test was applied for all 23 data points. A 95% confidence interval of the difference is adopted to predict the potential of BIM for building water efficiency, when the lower limit value of potential is greater than 2.00 (BIM has low potential for building water efficiency), it is considered that BIM does have the potential to enhance these water efficiency items. 
Obstacles to Applying BIM for Water Saving in Building Projects
Twelve obstacles to the current development of BIM from the literature review were listed in the questionnaire. As stated in Section 1.3, these obstacles were divided into four clusters: Technical, human, economic, and management factors. Respondents were asked to point out the barriers hindering the use of BIM in the water efficiency project, their results are shown in Table 6 . In order to obtain the key factors hindering the development of BIM, and provide a reference for future research, data was processed through the hypothesis testing method. The hypothesis testing results are shown in Table 7 . A 95% confidence interval of the difference is adopted. Those factors with respondents agreeing over the lower limit value such as the BIM software is still in progress, lack of BIM talent, reliance on traditional methods, high short-term cost, difficulties in managing change, difficulties in business process transformation are main obstacles hindering the development of BIM in water efficiency. 
Results of Interviews
The interviewees were firstly asked to supplement the BIM-enhanced construction activities and give suggestions for using BIM in water efficiency. Architect A stated that both consulting companies as well as architect companies consider that the only purpose of using BIM is to meet government policies and simply check clash detection at the current stage. Architect B stated that the current application of BIM for building water efficiency should take more consideration of the effect of BIM throughout the entire building life cycle. For example, BIM provides a platform for designers, constructors and owners to achieve an effective collaboration and communication. Architect D proposes to combine BIM with sponge city strategy [39] to facilitate access to the BIM model of the municipal pipeline, which in turn facilitates the utilization by the owner units, and four interviewees agreed that the integration of BIM and sponge city strategy is a future research-worthy topic about water efficiency.
The interviewees were then asked to supplement their views on how to address the obstacles to the application of BIM in water efficiency. Three interviewees stated that in the current market environment, BIM technology means that a large amount of input but with lower output, which also hinders some companies from investing in BIM. Based on the variety of obstacles, Architect C from the construction unit stated that in the short term, some construction companies in China would not invest in BIM and building water efficiency technologies. Those new items from interviews are regarded as supplements to the questionnaire, and both of them are contributed to the framework development.
BIM-based Water Efficiency (BWe) Framework Development
A preliminary BIM-based building water efficiency framework (BWe framework) was developed based on the findings of this research. The BWe framework divides the building life cycle into three stages: Design stage, construction stage and operation stage. It encompasses water efficiency requirements, the implementation of water efficiency measures and BIM-aided collaborative communication throughout the design, construction and operation stages. The framework development flow chart is shown in Figure 2 .
As shown in Figure 3 , the BWe framework addresses some common problems during a BIM-aided construction project, and the potential methods of BIM's application in water efficiency, which are numbered and listed in Table 8 . 
A4
Promote the use of water efficiency appliances [40, 41] A5 Promote the application of advanced water supply facilities [40] A6 Problem: The lack of feasibility researches of BIM's application in building water efficiency [24] A7 Measure: Use BIM engine to simulation rainwater harvesting and water cycle system [18, 24] A8 Measure: Use BIM engine to analyze the water consumption and optimize the water distribution system [15] A9 Measure: Use BIM engine to investigate catchment potential [27] A10 Measure: Use BIM to optimize the design of water grid [42] B1, C1 Problem: During data exchange from design stage to construction stage and to operation stage, data loss may occur and the targets set in previous stage are neglected in the current stage [19] B3 Measure: Simplify some repetitive and unnecessary construction procedure through BIM, then saving water, energy and cost [19] B4, B5, B6 Measure: Check the water supply, sewage and rainwater pipe [32] C2 Measure: Real-time monitoring of resource such as electricity, water and gas [30] C3 Measure: Set up specifications for water use components (such as taps, kitchen, washing) [3] [4] [5] C4 Measure: Combine BIM with smart appliances and smart sensors [33] C5 Measure: The monitoring of water consumption and leak detection through BIM [33, 40] 
Design Stage
As shown in Figure 3 , the design stage mentioned in the BWe framework is divided into two parts: The concept design and BIM module. The part of concept design mainly aims at the common problems that many engineers may encounter during project implementation, and proposes corresponding BIM-aided improvement measures or solutions. These problems have been listed in Table 8 . For example, for the problem of ineffective design due to various interventions and inadequate communication among project parties, BIM provides a shared platform for designers, constructors and owners. For the problem of a lack of feasibility researches of BIM's application in water efficiency, feasibility studies are conducted before technical design. Moreover, in response to the suggestions on water efficiency items from various green building rating systems, the adoption of water efficiency appliance and advanced water supply facilities is extended as well.
For the BIM module, the 3D model should be established through the combined use of both BIM software and database. According to the results of the questionnaire analysis, the integration of BIM and four water efficiency measures during the design stage is beneficial to achieve building water efficiency targets more effectively: Rainwater harvesting and water circulation system simulation, water consumption analysis to optimize the water distribution system, catchment potential investigation, and water grid design optimization.
Construction Stage
According to the results of interviews, the application of BIM technology during the construction stage can firstly help conduct effective management to resource allocation, site layout and materials for each part and then reduce resource waste. During the data exchange from the design stage to the construction stage, it is possible that data loss may be involved. For example, the targets or requirements set in design and construction stages are neglected in the operation stage. So it is important to identify missing data in order that the water efficiency performance set in the previous stages can be achieved eventually. Compared with the tradition workflow, BIM can also simplify some repetitive and unnecessary construction procedure after the construction procedure is formulated, thereby resources like water, energy and cost could be reduced. After the optimization of the construction procedure, the onsite checks should take measures to avoid water wastage. As shown in Figure 3 , the onsite checks for water supply, sewage and rainwater can be more effectively conducted with the assistance of BIM.
However, over 65% of questionnaire respondents indicate that they have encountered problems such as rework caused by design change, which is a common but non-negligible phenomenon during the construction stage. Therefore, if design change happens, BIM data should be updated firstly and the construction procedure can be reformulated when necessary.
Operation Stage
All the questionnaire respondents believe that BIM can help integrate the building information produced in the previous stages with the current stage information. So the first step for water efficiency in the operation stage should be identifying the missing data. As shown in the "Requirement Analysis" in Figure 3 , in response to the green building rating systems, the water use components specification, such as taps, showers and washing machines can be set to achieve better monitoring of water consumption. Additionally, as the development and increasing implement of smart appliances and smart sensors, some researches attempted to combine BIM with these products [12] , and the feasibility is verified through the questionnaire in this study: Over 91% of respondents believe that it does have the potential.
After the requirement analysis is complete, the water efficiency monitoring is conducted throughout the whole operation stage from three aspects: Water consumption, leak detection and water efficient equipment. Water efficiency related additional information by facility managers is considered as well.
Establishment of Conceptual Algorithm
Based on the BWe framework and the numbered items, a conceptual algorithm with a summation formula is established to supplement explorative building water efficiency research with quantitative content. The formula (1) is closely coupled with the BWe framework and is applied in the last step of each building stage to predict the effectiveness of water efficiency. The item values and the coefficients in the equation may vary according to actual construction projects. The total score could reflect the effectiveness throughout the whole design, construction and operation stages.
• SC: The total score marked through the process of BWe framework; 
Verification
The Results from Interviews
The preliminary BWe framework and the conceptual formula are then verified by four experienced architects from the respondents of the early questionnaire and one professor with abundant research experience in the field of green building. The interviewees were asked to use the grade 1-4 (1 = Strongly disagree, 2 = disagree, 3 = agree, 4 = strongly agree) to assess the clarity, structure intelligibility, implementation feasibility of the BWe framework and formula. As shown in Table 9 , the preliminary BWe framework and the conceptual formula are proved to be effective in the combination of BIM and water efficiency. Table 9 . The score of the BWe framework and formula by interviewees.
The Evaluation Criteria Mean Value
The preliminary BWe framework
The structure of the framework is clear and fluent. 3.6 The contents of framework are reasonable and appropriate.
3.0 The framework has implementation feasibility and operability.
3.0
The conceptual formula
The formula is reasonable and easy to implement. 3.2 The formula has implementation feasibility.
3.0 The formula is closely coupled with the BWe framework.
3.6
The respondents were asked to suggest improvements to the conceptual formula. All the respondents agreed that the formula is closely coupled with the BWe framework, one of the respondents suggested that further research on the determination of formula coefficients could be extended beyond this study.
Respondents were then asked to identify the most important factor of water efficiency at each stage, state the limitations in current water efficiency methods and corresponding BIM-based improvements. Two respondents stated that the feasible application scheme study of BIM in building water efficiency should start from the advantages of BIM compared to other tools such as tradition water gird design software and maximize its advantages. In the design phase, the simulation of rainwater harvesting and utilization systems and the optimization of the water pipe network (water supply, sewage and rainwater pipeline system) design are considered to be two main research directions for BIM in water efficiency. Two interviewed architects stated that when designing rainwater catch pits in many current green buildings in China, designers use the estimated value or empirical data of annual rainwater collection volume and recycling dosage to assist in the design, which brings the negative consequences that the design model is highly idealistic and the computational results are inaccurate compared to the actual situation. For example, in actual projects, the collected rainwater exceeds the demand for use and overflows from the rainwater catch pits during the rainy season, while running water compensation is adopted without sufficient rainwater during the dry season. However, due to the over-idealization of the model during the estimation process, the difference between the rainy season and the dry season has been balanced, which tend to cause the aftermath that the actual situation during operation cannot meet the water efficiency goals set in the design stage. Four out of five of the respondents agreed that BIM can help conduct dynamic real-time monitoring of annual precipitation in the area where the building is located, so the maximum non-conventional water use of the project is simulated and forecasted through BIM tools. Based on the results of monitoring and simulation, rainwater is collected and utilized more rationally through the formulation of regulation and storage equipment scheme, and further achieved the goal of water efficiency. Such a BIM-based dynamic monitoring method replaces the previous solid-state estimation method, which provides architects with new references and new inspiration. Two architects also state that when designing the water pipe network of green buildings, it is necessary to set pressure reducing valves so that the water pressure can be controlled not to be excessive, which also brings about an increase in cost. It is also an effective measure can be conducted through BIM that optimizing the water pipe network design to minimize the quantities of pressure reducing valves even when there is a high municipal water pressure. In addition, four out of five of respondents believe that some water harvesting, storage and pipe network design measures of "the Sponge City" management concept are of great reference value in this study.
One of the respondents further stated that some construction companies are optimistic about the potential of BIM because BIM is able to conduct clash detection accurately and efficiently. In the traditional design, designers of architecture, structure, and equipment draw their own drawings separately, and the omission of docking among various professions is difficult to be avoided. In addition, when occasional slight design changes occur at the construction site, it is possible that some of the professions have completed the changes while others have not, which leads to the occurrence of pipe network collisions during construction.
In the operation phase, all of the respondents agree that BIM has a positive effect on water leak detection. This can be combined with smart sensors to identify leaks rapidly and perform maintenance through changes of pipeline pressure. Therefore, many mainstream green building rating systems worldwide advocate setting up water meters as comprehensively as possible. Three out of five of the respondents believe that BIM can be integrated with some large energy monitoring software or smart appliances to conduct real-time monitoring for the water consumption of various water use components in and generate monitoring reports related to human behavior pattern such as the annual water consumption and the water use frequency.
The Updated BWe Framework
Respondents were asked to suggest improvements to the BWe framework. In the design stage, one of the interviewees suggested that the successive logical relationship from water consumption analysis to the water grid design optimization could be set for BIM's simulation and analysis module. Integrating the suggestions from interviewees, the procedure of the adjustment if design change happens in the construction stage, is described in more detail to emphasize the advantages of BIM in clash detection. While in the operation stage, one of the participating architects suggested that the recycling dosage of rainwater and reclaimed water could be added to the items of water efficiency monitoring to evaluate the effectiveness of rainwater reuse and reclaimed water recycling system. These improvement items are listed in Table 10 with respective codes. Based on the suggestions provided by the respondents, the BWe framework has been revised, which is shown in Figure 4 . Table 10 . The conclusion of improvement items for BWe framework.
Code Content
A7-A10
The successive logical relationship is set for BIM's simulation and analysis module (Water consumption analysis, catchment potential investigation, rainwater harvesting and water cycle system simulation, water grid design optimization).
B5
The procedure of the adjustment if design change happens is described in more detail to emphasize the advantages of BIM in clash detection.
C5
The monitoring of recycling dosage is added. 
Discussion and Conclusions
With the increasing attention paid to building water efficiency and the promotion of BIM technology by the AEC industry, the advantages of BIM including enhanced collaboration among various parties [14, 15, 35] , improved work efficiency [36] , simulation and analysis of sustainability performance [17, 18] are gradually accepted. In a newest BIM report published by NBS (National Building Specification) in 2018 [13] , 65% of respondents believe that BIM is beneficial to improve time efficiency, 79% BIM users being surveyed agree that adopting BIM increases coordination of construction documents. In another BIM industry report analyzing the Chinese AEC industry market from 2016 to 2017 [43] , BIM means an integration of visibility, coordination, simulation, optimization and graphical, thereby it is able to greatly improve design efficiency. The results of such industry reports are in line with the findings of this study.
In this study, the BWe framework is established to provide reference for the application of BIM in water efficiency. However, it still has limitations. For example, the sample size could only support tentative research and the statistical significance is limited; the actual operation of the framework is lack of verification by case studies, and technical components of the BWe framework need to be researched individually in further studies. More detailed research and engineering case studies are required in order to apply BIM to building water efficiency more effectively. The BIM guidance for Water Industry [25] proactively forecasts the transition to a Digital Built Water and Waste Water framework, which delivers high performing assets. Based on the extensive literature review, the results of the questionnaire survey, and the results of interviews with experienced practitioners, this publication attempts to propose several potential research directions below:
1. BIM and rainwater harvesting and reuse system Using BIM tools to conduct dynamical monitoring of annual precipitation in the area where the building is located. Based on the result of dynamic monitoring, the simulation and prediction of the largest nontraditional water of the project is able to be achieved through BIM technologies and the guidelines for the regulation and storage facilities can be formulated. Thereby rainwater is able to be collected and utilized more reasonably and the difference between the dry season and the rainy season can be balanced.
BIM and the optimization of pipeline design
For a specific sustainable building project, visualize the water pipeline design through BIM during the design stage to avoid construction collisions. In addition, based on the given municipal water pressure, optimize the pipeline direction through the BIM tools, and minimize the use of the pressure reducing valves in accordance with the requirements of informal water pressure.
BIM and real-time monitoring of water use
For the operation stage of a specific sustainable building project, the water use appliances are classified into detailed types and the real-time monitoring of water consumption of each type can be conducted through the combined utilization of BIM and intelligent sensors. Based on the real-time monitoring results, human behavior patterns of water use can be summarized and then propose corresponding water efficiency measures.
BIM and saving of hot water
Conducting simulation and analysis of solar water heater through BIM tools and balancing the heating efficiency between summer and winter to achieve the goals of saving hot water and energy efficiency, which would bring greater economic benefits as well. Funding: This research was funded by South China University of Technology, Guangzhou, China, grant number x2sj/K5180600.
